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SECTION I

INTRODUCTION

The basic interior ballistic problem is to determine the energy
release and corresponding pressure generated by the burning propellant
in a Qariable volume, ultimately to establish the muzzle velocity of
the projectile. The dynamics must account for certain losses which
include rotat}né band frictional effects and heat transfer from the hot
gase= to the gun. ¥rier and Adams t1] report that friétionalllosses
account for approximately two percent of the énergy released by the
propellants in medium caliber guns. Although direct friction losses
appear small, tﬁey are important where an accurate prediction of
projectile velocity is desired. Frict.on can indirectly influence the
thermodynamics and heét transfer processes which play a much larger .
role in the projectile velocity. Small changes in the initial
engraving forcgs can increase the peak gas pressures and'temperatures by
twenty percent [2]. . '

Another probtlem in internal balli~tics is guh lite. Both erosion
and wear can lead to barrel replaceme:.© after a few thousand rounds
{3]. In the past rotating bands have been made from bronze (90 CU, 10
ZN), called gilding metal; however, recent success [4] with nylor uands
suggest that they will be used extensively in the future.. Plastic
bands not criy reduce sliding|forces but fmprove gun life. . The need
for be~ler'velocitj predictive codes and for an underatanding of barrel
. wear has intensifled interest|in rotating band contact loads and
aliding forces. ' .

. Frictional behavior in faternal ballistic« is exceedlngly complex
_due to the large loading fore s, high sliding velocities, ‘and the'
nature of the dynam;cally changing interface between the proJectile.and
barrel. Engraving and Eore s iding force equations take essentiaily
two forms. In.ﬁhe clused form models [5] the friction is assumed to be
proportional to the kinetic v 1oc1ty'ot the projectile. In open form
models a table of resfstance force as a function of projectile pbsitlon
is used or, more simply, a.constaﬁt engra&ing fo-ce followed by a
smaller constant bore rorcé (6]1. _Estimateg'pt these two forces are
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given as 10% and 1% of the maximum gas pressure. Recently, Fisher and
Trippé {73 have divided the friction force into a linearly increasing
force during the engraving process followed by a lihearly.decbeasing
force during the bore sliding process. This model is based upbn data
obtained trom extruding braés and aluminum steck. Im all cases

empirical sliding forces are based on ad hoe conditions. ‘

1. THE PROBLEM

_ Recently (81, the writer has developed a theory fcr the normal
~ loads and sliding forces encountgred by projectiles when their
hotat!ng bands {plastic) are engraved. The theory fllustrated the need
to consider gebmetrical details and served to lsolite the dynamic flow
pre;sure and the coefficient of friction as the main parameters. The
theory also accounted for b'and radial disﬁlacements. Theae:
displacements are caused by normal loads‘on flexible walled projectiles
and by prépellan: gas pressures which produce radfal straiﬁ in the
projécti;e and barrel. Finally, thé theory was extended tO‘detefmine
“the normal loads betuegn the projectile and'barrel for the
prat-engraving region of contact.. )

An application of the theory requires a knovledge .of sliding
friction as a runcttcp of load and velbcity. Genersllnltnts
information is available only for selected materfals and loads. The
effect of velocity on the coeflicient of friction has been one of the
more neglected areaslb? research in tribology.. In most cases the
coefficient of friction decreases with velocity. Above a certain PV
(pressure x velocity) the coefficient of friction drops to a value
substaﬁtially less than 0.1 and remains constant. The critfcal PV
value for bronze rotating baﬁds is approhimhtely 4 x 106 (psi)(£ps),
and Montgomery [9][10][11] 1dent1r1es this equtlibr:ul'region‘wtth
‘material melting. Since polymers melt at much lower temperatures than
bronze, it is probable that moat‘of the band engraving takes place {n
this equiliﬂrium region. When stiffler's engpavlng>theory (8] was
applied to the'experimertal work of Cross, it was found that the
coeffictent of friction for plastic bands was on the order of 0.02.

It {s proposed to develop a theory of friction for ﬁiagtte ‘
rotating bénds in interior' ballistics. Section II reviews the preéent
undeégtandlng of friction in the scientific community. Sectfon III

N e e Tt RPN R R 2




reviews the rheology of both Newtonian and non-Newtonian fluid
mechanics since thé underlying phenomenon centers about a meltvlayer‘.
between surfaces; Section IV develops a new melt friction theory which
is applied to metal rotating bands (Newtonian melﬂ). The theory is-
used to explain the rotating band data of Montgbmery {9-10]. This
section is a self-contained paper [12] accepted for publication in the
ASME Journal of Tribology. Section V extends the theory to the
circular contact of pin-od-disK devices which are the main sourcé of
friction data. A'comparison with the high.speed Franklin Institute
dataﬂ[11] further validates the iheoretical approach to plastic
rotating bands. This chapter has been submitted for review to the -
Journal of Tribology [13]. Section VI develops the. theory for ﬁlasfic
rotating bands which requires a major ‘adaption for non—Newtoniag

polymer melts.

'(The reverse of this page.-is-blank.)’ o ‘ N




SECTION II

'LITERATURE REVIEW OF FRICTION

3., FRICJION (GENERAL) .

The basic mechanism of friction is now well established (141,
particularly ror metals. It is knouu that, when two surfaces are
placed together, intimate contact occurs only at the tips of the
asperities in the surface."These ésperities are then deformed
plastically until the real area of contact-lr-ia suf€1cient to support
the load W. Over this contact area there is marked molecular |
interaction so that a cold weid or<Janticn is formed witich is
comparable in strength to the bulk hqterial forming the junctions. In
sliding, a certain force E}is required to shear these mfnute junctions.
Thus, ‘

F = Aps S . ()
where s is the shear strength of the junction. Since

W - _ ] '
Ap = — : ' (2)
r Pm o v :

where py is the material rIoQ'pressure, the ccérriclenc-ct friction

 u - %; o ,:.' o (3)
Although this model explains the main characteristics of metallic
friction, the value of the tfiction coeffictent calculated from
material strength properties are somewhat lower (u = 0.2) than the
value found in practice (u s 1.0). The reason for the dfscrepancy was
first explained by McFarlane and Tabor [15]., As glidjns commences. at
an asperity junction, the real area of contaet can increase several
~ fold. This i{s because the condlbion Jor plaatic rleldtn& of a junction
is determined by the combined effect ot the norual stress p and the

tangential stress s, the yleld criterion betng

pg + Y32 = p°2 : - (4)
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where p, i1s the initial static contact pressure, and Y is a constant

with a value of about ten. As soon as a tangential force {s applied, p

diminishes with a corresponding increase in the contact area.

2.  POLYMER FRICTION' (LOAD)

Oﬁe of the first studies of polymer friction, Shooter and Tabor
{16], showed that strong adhesion occurs at the sliding surface and
‘that over a restricted range of loads rrictidnal behavior is
approximately expreésed in terms of equation (3). Howell and Mazur
(171 pressed polymer fibers against a rlat'plate and reported that.
friction does not increase linearly w;th load:

.p - Wy ' . ) (5)

where.n ¢ 1.' Thus, the coefficient of fricticn decreased as the load
Aincreased. They interpreted this result as meaning that the real area
cf contact followed a law of the type: A ~ WN., Pascoe and Tabor [18]
investigated the friction of crossed polymer fihers (diameter D mm) at
very light loads and confirmed that

y o~ W ‘ (6)
"(Figure 1). In contéast to metals there appeared to'be little or no
junction growth during sliding. No distinction was made between the
real contact area and the apparent contact area. A very thorough study
of nylon friction was carried out by Adams [19}[20]. He slid nylon
6-10 hemispheres (djameters: 0.24 - f.16 cm) on a smooth glass
surface, using speeds from {0'7 to 3 x 10-2 cm/sec and loads from 0.7

'to 200 g. His measurements showed that the load dependence of both the

apparent contact area and the friction force could be‘repreaented by

the expressions:
A - W ' N ¢ 4
and |
F = uﬁ" o ' ' . (8
where 8 and a are constants. The values of m and n were {ndependent of
Specfmenlradids and wer§ giVén by 0.708 and 0.78%, requctlvely. Adams

proposéd that the fncrease of F/A with load could be exp;axned'eitngr
by an increase in the ratio of true to apparent contact area with load

-0
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while the shear strength of the true contact area remained constant, or
by an increase of this shear strength with pressure. After detailed

considerations, he concluded the latter was more likely.

3.  AREA OF CONTACT A ,

It was initially accepted that all contacting asperities deform -
plasticaliy sinée Amontons! laws of friction woula be vioclated if the ‘
contacts were elastic, i.e., Ap - W&/3 from Hertzian contact of a
single asperity. However, Lodge and Howell [21] and Archard [22]
proved that multiple contacts with elastic asperities will produce a
real contact area which 'is nearly proportional to the load. Lodge'and
‘Howell assumed a spherical surface: of very small hemispheres of
constant height (Figure 2). For elastic deformation the real area of
contact turned out to be Ap - w8/9. Archard aliowed for asperities of
‘variable heights and found that A ~ W-86, Furthermore, Archard showed
tnat, if the asperities are coveréd by smaller asperities, A - w26/27,
In geheral,both elastic and plastic deformations pbdbably occur.
Plastic defoﬁmations predomiﬁate with rough surfaces and large loads.

For polymers subjected to émall loads ‘the apparent contact area
between a hard surfage and polymer sphe.'e is given by A - w(2m-m ),
Thus, réal areas of contact for polymers are 'essentially propo}tional
to the load even when viscoelastic defopmatidn of asperities occur.v

4.  POLYMER FRICTION (LOW SPEED) _

In the conjentiona; presentatiosn of the adhesion theory of
friction, i; is assumed that the small contact area increases with the
load in a way that the average contact étres§ rgmalns constant and
equal to the .flow stéength of the softer material. ‘Then the shear
strength of the Junctions can be treated as Invariant. Thus,.the
friction coefficient is constant and {ndependent of load as required by

Amontons' lawl However; polymers do not obey Amontons' law. A number

'br:dirferent workers [24][25](261(271(28], taking the lead of Adams, , *

verified that the strength propertieés of'polymers,'unlike metals,
increased with the hydrostatic pressure. Towle [291{30] proposed a
simple extension of adhesion theory. - If the shear stress

'S =85 +ap , , ' ' o (9)’

it follows that
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it follows that
. u=—+a o ‘ (10)

The cquatlon predzcts that the friction coerficient decreases with-
1ncreas1ng 1oad (pressure), approaching an asymptotic value at high
loads. Towle [30] states: "for many metals the parameter a is very
small, typicélly ~0.01, while for polymers it is sometimeg an order of
magnitude larger." He found thal a = 0.07 for the phosphinate (Figure
3).. The agreement between experimental valdes'of friction coefficient
and the above model is excellent. At low loads the area contacts are
partial, but ég high loads the real area of contact approaches the
1pparént area of contact. The contact stress p, at which the
fraﬂsztxon from low load to high load occurs can be shown to be [30]

1 ' .
e = | — - = ] -1 (11)
Pm  So

Accordxng to Dlasticxty theory the bulk flow pressure py should be
abouu flve times the bulk shear strength of the material. Then the

transzczun stress is

S

(0.2 - a) - (12

. P =
Peterson and Ling [31] suggested a relationship similar to
equétidn (10) for metals. Generally, the coefficlent of friction was
indepenqént‘or load, obeying Amontons’ law, until loads were
éurriclently high to produce gross deformations as with metalworking
processes. Their'values of a = 0.11 for alumlhumrcontradlcts the
statement of Towle that a {s. small for metals. Undoubtedly, the
transi*lon stress for metals occurs at levels outside of typical
engineering applications and experimenta; friction studies.
. Briscoe and Tabor [27] studied the effect of pressure on the shear
properties of very thin films. They fohnd that the shear strength of
- thin films {s much lesé tﬁan the shear strengtﬁ of the bulk polymer;
However, the asymptotic friction coefficient a showed little . -
- difference. It s apparent that the constants s, and a can vary with
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sliding velocity since contzct temperatures 1ncrease with frictional
eneréy dissipation. Briscoe and Tabor [27] reported that the shear
strength of polymethylmethacrylate {PMMA) abruptly dropped when test
temperatures reached the glass transit}on temperature {Figure 4).

Ludema snd Tabor [32] found a pronounced variation in the sliding'

friction of polymers with temperature and speed (less than 1 em/sec).
There is a dramatic decrease in junction shear strength s ani increase
in contact area A for temperatures up to 150°C ("igure 5). vThe product
SA, whieh is the friction force, leads to unpredictable behavior in the
‘coefficient of friction. The effect of speed (10“" to 1 em/sec) on .the
coerficient of friction is minimal for nylon 6-6 but is substantial for
polythene (Figure 6). The reader mayvcoﬁtrast the, above speed effect
on nylon 6-6 with the results of Adams for nylon 6-10 (Figure 7).

5. POLYMER FRICTION (MEDIUM SPEED)

When two surfaces are in relative motion, the frictional work will

be libereted as heat at the surface asperities. Thus, temperature
effects should be MOre pronounced at higher sliding speeds. Bowden and
Tabor [14] obtained exnerimental evidence for surface contact
temperatures as high as 1000°C with constantan siiding on steel. With
other metals the peak temperatures recorded corresponded to their
melting points. It was noted that .lubricants, although reducing the
peaktemperatures,did not prevent hot spots from occurring. Aléo, the
sliding of poer conductors resulted in correspondingly higher surface
tehperatures.

From elementary cons;derations the rate of friction work must be

,equel to the rate of heat transfer to the material bulk:
WUL = CA(AT) B : . a3)

‘where ¢ {8 a cbﬁstent which ig a function. of the‘ehermal conductivity"
k. I® the temperature charge is limited to the material melting point,
the ‘above equation car be rearranged to the form: pressure'x velocity
= constant, the limit equaekon for bearing railure. o
Jaeger [33] has given ar. 2quatjon for calculating the surface

temperature of a single asuerlry ntact of rddius Rq:

' : uWlg - ' B .

AT = 3z Ro(kq + kfi ' . - a8

o
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Following Jaeger; ArchardVEBN] found that, for plastic deformation and
low speeds (L < .1}, '

172 172
AT = “("Rm)ak w'eevu o (15)

and that, for plastic deformation and high speads (L > 100),

u(“plL)3/h w‘l/“ U1/2

3.25(pck)1/2 (16)

AT =

where | = ROU/Za. a = thermal diffusivity; ¢ = specific heat.
Venogradov et al. [35] made a study of thermal effects by sliding
polypropylene disks on metal rings. The conditions were described as
heavy duty although the sliding velocity was oniy 14 cm/sec. Figure 8
shows the coefficient of friction for dry polypropylene as a function
of load. The curves have a maximum which was identified with surface
melting of the pplymer. Inéreasing load at constant sliding velocity
caused an increase in friction. This was attributed to an increase in
the contact aréa. At a critical load the polymer beginé to melt, and
the friction coefficient decreased with the incréasing load. A thin
melt layer was fot 1d on the surface’ for the decendlng branch of each
curve., This layer was detected by rapidly cooling the sample and
observing the.newly formed hard amorphous layer. Test results were
. grouped into two curves according to the &1frerent thermal
conductivities of copper and aluminum on the one hand and of steel and
, cast iron on the other. '
.McLaren and Tabor [36] presented one of the few studies of polymes
‘friction as a function of typical engineering speed (Figure 9). The
results show the distinct maximum coefficient of friction which-pccurs'
at a given speed. Although'they speculate that the. temperature'rise
was probably or the order of tens of degrees C at less bhan 100 cm/sec.
. ‘ it 'is certalnly greater at higher speeds.
' The friction of nylon against -steel was lnvestigated by Cerico
[37] witr an apparatus that used rotat{ng dlaké. As the disks rotated
it different speeds, a sliding speed of TGicm/sec was produced in the'
' contact zone. - The cberriciqnt of friction required a run-in time
-before it stabilized (Figure 10). The average roughness}decpeased with
‘time until it reachec 30% of its initial value. As others have '

17
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observed, an increase in the friction coefficient ocecurred up to a
maximum beyond which a noticable decrease took place. The peak
fricticn coefficieﬁt was linked to a siéniricant rise in measured
surrace_temperatures, probably well below the‘asperity contact
temperatures. The friction coefficient decreased with the formation

of a layer of nylon on the steel surface. This layer melted for_the
higher loads. Just recently Clerico [38] reported on friction and wear
studies of polyacetals at a sliding speed of 0.45 m/sec. The friction
cOeffic;eats again displayed a maximum at a load of 50 Newtons and

approached an asymptotic value of 0.1 (Figure 11). Wear of the much

harder glass filled polyacetal (GV 1/30) was at least U0 times tne

unfilled material, counter to wear theory. As observed earlier with

_nylon composites and non-composites {37], the surfaces appeared similar'

to desert sands which confirmed the presencé of polymeric melt. The
melted layer solidified into an amorphous brittle layer with a softer
sublayer. The thickness of the brittle layer depended on the normal
load‘and sliding distance.' For non composites the layer was about 3~ 5
um ‘thick at W = 50 Newtons and about 15 uym thick at W = 200 Newtons.
Cdtastropic wedar at high loads and long sliding distances was
identified with the disruption of this brxttlg ‘solidified layer.
Tanaka [39](40] investigated the friction and wear of bothvgléss
and carbon filled polyacetal and teflen at sliding sbeeds up to 2.5
m/sec. Polymer pins (3 mm dia.) were rubbed on both steel and glass
disks. It was found that melting of the'rriétional surrace'layer
occurred easily under ordinary rubbing conditions. ‘The meltlng depth

‘of the unfilled polyacetal. ru*blng against steel, was generally

several microns thick whllg. !‘n the case of a glass disk at pigher
speeds, it was about twenty microns. For rilled polyacetals the
melted layer was assoclated with a verv dense fiber rich surface. The
carbon filler produced a matted layer over 50 um thick (Figure 12)
while the glass flller formed a mat only near the center of the pin

'speclmen which was attributed-to the poorer thermal conductivity of

glass.

The coerrlclent of rrlctlon of the filled polymers against glass
and steel {s shown in Figure 13. The rriction coefficient was
considerably higher than the values reported by Clerico [38] for

20
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identical loads and speeds. The difference apparently was due to the
contact stress (recall section 3): Tanaka (7 N/mm2); Clerico (11 to
65); unfilled polyacetal yield strength (73). The fillers promoted
lower friction because of the reduced adﬁesion betweernt fibers and
steel. The differences were less pronounced for the glass disk since
glass limited heat conduction to the disk and caused melting at lower
speeds. In the non-melt region delow 0.5 m/sec, the unfilled
polyacetal had a much lower wéab rate than the filled polyacetal. At
higher speeds the filled polyacetals showed marked superiority. Tanaka
attributed this behavior to the ability of the‘tibera to preyent an
6utfiow of molten materials. However, it is also likely‘that any
solidified fiber-filled layer has a much higher strength: than the

\

friable, pure, polyacetal layer.

6. POLYMER FRICTION (HIGH SPEED) _

Friction at high sliding speeds has been reported in only a few
references, preferably with metal to metalnéontacts, and in each case
some evidence or theory has been related to a melt lubrication. The
subject was stimulated by WOrl¢ War II in an attempt to understand
projectile rotaping band friction. Herzreld and Kosson i{41], i{n a
"Confidential"™ 1953 report recently unclassified, cited military
ev.dence of metal band melt for projectiles reaching speeds up to 6600

‘ft/sec. They proposed a hydrodynamic slider beariﬁg moﬂgl of the band
riding on its owri melt. The melt viscosity was assumed' ta be constant,
and a simple lumped energy balance was used to’ establish [the melt
thickness. - A feature of their model was the heat loss tq thg barrel by

_transient heat conduction. Film thicknesses on the ordent of jO’S to

10-7 cm were predicted.

w1lson [u2], unaware ot the above work which uas notl published in
the open literature, recently pnoposed a similar one-dimeansional

' hydrodynamiq»slid;ng model for melt lubricatioh. Again, [the fluid

temperatgre was assumed to be constant at the malt tempé ature and no .
attempt was'made to account for heat transfer from the mellt region.
bﬂoweveP,'wllson did point out that the results differ widely depending
on wheiher the slider melts or its stationary'track melits, Figure 14.
Bicego, et al. [43] modified Wilson's work to account ron heat

'conduction through the melt film ‘due to a track temperature higher than

<23
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.the melting slider. In the case of an ice slider, a emall temperature
difference (.2°C) was sufficient to make conduction prevail over
viscous heating. Results were obtained in terms of the track-slider
temperature difference. thus avoiding the actual heat conduction
problem. ‘ , - '

One of the first published reports on high speed friction was

_carried out by Johnson, et al. [44]. A steel ball was slid on a steel

disk up to speeds of 110 ft/sec. - The coe'xicient of friction decreased
from 0.55 to 0.25 for increasing sliding speed. Amontonsg' law (u
1ndependent of load) was obeved up to and including loads with contact
stresses of 255,000 psi. .
Perhaps the most .comprehensive experimental study of metal
friction and wear at high sliding speeds was done at the Franklin
Institute from 19“6'§o 1956 by Clarkf Morsell, and Shugarts. There was

"no publication of this work in the open literature because it was

classified during that time. Montgomery [9] has recently collected all
of this data. A pin-disk machine was.used to slide various metal
specimens against a steei'disk. The coefficient\of friction decreased
with increasiné values of pressure x velocity for all tested metals. A
typical low coefficient of friction was approximately 0.2. One
reported run with a nylon'piﬁ gave u = 0.10 at 900 ft/sec and 4100 psi.
Montgomery found that the pin wear rate correlated directly with the
reciprocal of the material absolute melting ‘point (Figure 15).
Montgomery [10][11J also reported on experimental work to
determine the friction coefficient of projectile rotating bands made
from gilding metal (90 CU; 10 Zy). Measurements of gas propellant
pressdre. projectile acceleration, and the band normal contact pressure

on rounds fired in a 155 mm howitzer were used to calculate the

friction coeffic;ent. The results were compwred with similar data from

the pin-disk experiments of the Franklin»Institute (Figure 16). The.

friction eoéfficient'for rotating bands drops qdickly to a steady-state -
value of 0.02 at a pressure x ve;ocity of approximately 0.8 x 106
(psi)(fps). This value is an order of magnitude below the pin-disk

~value. Montgomery [11] attributed the dirference’to»the size effect
- inherent in the hydrodynamic sliding model of melt as propoeed by

Wilson.

.25
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In early experiments using the Franklin Institute'pin—disk
machine, Sternlicht and Apkarian {45] measured the friction and wear of
several metal pins (Mo, W, Cr, .Cu, Ag, Al) on a steel disk with speeds
up to 2009 ft/sec. Again, the cc;rficientAof friction decreased with
an increase in velocity. They measured the electrical céntact ,
resistance across the incerface of the rubbing meta’f"'An increase ia
contact resistance with velocity was attribuicd to the developing - '
molten liquid layer at the interface.  1In an application of Reynolds'
equation to melt lubrication, Sternlicht and Apkarian proposed the
thermal wedge [4p] \1ncrea31ng film temperature gradient in the
direction ¢ motion) as the mechanism to support a normal force between
parallel surfaces moving with relative velocity. Based on the solution
of this problem, the investigators found that the ealculated pin wear,
due to end leakage of the molten film, differed from the measured wear
within an order of 100%. ' Neither the basic equations nor the solution
details were offered. in the paper. ,

Bowden and Freitag [47) studied nigh.speed friction by spinning a
steel ball in a magnetic field and measuring the decsleration when it
was brought in contact with a metal or diamond surface. Melting
occurred at the region of contact. An analysis of the heet flow into ‘
the specimen showed that the area of intimate contact was very small

compared to the apparent area.

Bowden and Perason [48] contihued the spinning ball experiments of -

Bowden- and Freitag and presented a in depth study of melt with high

speed friction.’ Figure 17 shows the results with a’' 5-kg load for a
steel ball sliding on Woods allcy (m.p. 65°C). bismuth (m.p. 271°C),
tin (m.p. 232°C) , lead (m.p. 328°¢), copper (m.p. 1080°C) and steel

(m.p. 1500°C). Minimum coéfricien s of friction shifted to higher

sliding velocities as the metal melting point increésed, In several

_cases the minimum coefficient of friiction was well below'a'value of

0.1. A substantjal»increaee in we occurfed at:sliding velocities

corresponding to the minimum u. Exhmination of worn surfaces revealed

large rormabionsbof splashed-out solidified material near the leading .

edge as well as small globules of solidified melt on the wear track.
This evidence was much less pronoun¢ed on the high melting copper and
steel. Using the work of Landau [49], who determined the propagation
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of a melt-sclid interface, Bowden and Persson crudely calculated the
time for a steady state melt condition to be reached, approximately
1073 sec. This number was much smaller than the ball contact time.
Figuré 18 shows the results for several non-metals: si;vef nitrate
(m.p. 210°C), nylon (m.p. 265°C), teflon (decomposes at 400°C),
tutadi=sne .styrene copolymer rubber, and glass (m.p. 800°C). Both
silver nitrate and glass developed the tyrical wall of molten material
at the leaving edge; Teflon 'displayed a rough hide-like texture at
high speeds denoting uneven decomposition. Molten nylon was'splashed
out of the wear mark; howevér, the surface had a large number - of pits

or dimples, and the extruded material contained bubbles, suggesting

gaseous matter was produced. The rubber also had a foamy appearance to

thé molten debris. Another approximate calculation by ngden and
Persson in&icated that steep temperature gradients existed across the
molten nylor film with film temperatures exceeding 800°C."ﬁe;él film
temperatures probably were only a fék degrees above the meiting
temperature even at the highe? speeds. This difference was attributed
to large melt viscsositles angd loﬁ thermal conductivities.of polymers.
Miller [50] 1nvestig§ted the Surface of various carbides and
_oxides 4ith high meltiqg poidts after they were subjected i0 the same

_ spinning steel ball apparatus as above. Wear from a network of surface

crecks correlated with their lack of resistdnce to thermal shock.
Carignan and Robinowicz [51] have carried out sliding tests of

soft metal and nonmetal pins on a rctating steel quk at speeds up to

150 m/sec. The rriction'data was {n approximate agreement w{th'those

obtained by others using the pin-disk geometry.’

7. DISCUSSION .

A review of the literature indiqates the following scenerio for
the effect of sliding velocity ‘on the coefficient of friction. - For low
slidinglveloclties the ederrlcleht of friction increases with speéd.
presumably caused by an increased contact 'area. At some crittcé;‘

-velocity, on the order of several feet per secoad for polymers, the

friction coefficlent peaks and begins to decay with {ncreasing speed.
Evidence {s overwhelming that materfal melting occurs at the asperity

:tips for tnese relatively low alidlng veldcitles. Melting increases
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with sliding speed until the entire apparent contact area is a layer of
melted material. The speed at which the full melt layer exists is not
established, but it does depend on thelload. The data from several
sources'suggest that several hundred feet per second is sufficient for
a full melt of polymer material at light loads {(pressures much less
than the yield stress). Although seyeral authors in.the earl& 70's
discussed the importance of apparent pressure as a parameter in
friction work with polymers, load cpntinues to be used instead. Little
work was done at high ioads with the exception of internal ballistics.
.Montgomery found that silding metal produced a full melt layer at PV =
5 x 106 (psi)(fps). For measured contact stresses of 50,000 psi, this
" limit giqes a sliding velocity of 100 ft/sec. Polymers have much lower
thermal conductivities ana melting points thah metals. '

' Two recent references [42]1[43] focused on a melt lubrication

model to explain the low friction o} ice. This model relied on the
hydrodynamic slider bearing concept. Montgomery noted that the
coefficient of friction for gilding metal from internal ballistics (u =
0.02) tests was much lower than values found- for pin-disk experiments
(p > 0.1). It is significant that most experimental work on friction
was accomplished with pin-disk machines, all pin diameters being nearly
1710 inch. All reported coefficiéhts of friction on these machines
were greater than 0.1 at high speeds. The one exception was the work
doﬁe by Bowden rand Persson [48] on spinning steel balls. Here,
triction coefficients. well below 0.1 were recordec.

One hirriculty with the slider bearing concept is the need for a
lupricédt at the front edge of the slider. Wilson [42] was well aware
" of this probiem and he.recommerded a minimum load before melt _
lubricaiion can occur. Montgomery éeized upon the length factor of
th’s minimum load to explain the difference in friction coefficients
: betﬁeen'slid;ng projectile bands and pin-disk éxperiments at comparable
conditions. This writer will propose an a;terhate solution to the melt
lubrication problem below which éircumventé the lubricant problem}
however, there is a better explanation for the high friction
coefficients achieved with pin-disk experiments. If the friction.
coefficient is célcuiated from slider bearing theory [46], it's value
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is proportional to a functional of the length to width ratio which

characterizes rotating bands, when compared to the ratio of one for
pins.

(The-réversq of this page is blank.)
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SECTION III

LITERATURE REVIEW OF RHEOLOGY

'{. NEWTONIAN BEHAVIOR (OILS)
For Neutonian rluids the 'shear stress is linearly related to the

strain rate, i.e.,

Cdu '
- e 1 .
1T =y ay ( 7)

The absolute viscosity u is generally dependent on pressure and
temperature. Early measurements made at Harvard and sponsored by ASME
[52] show this dependehcy over a large range. They suggested an
empirical relationship ' '

tn(*~) = c e8/T {1 + ap - B[ap - e~0P)]} - (18)
Yo . .
The constants u&r ¢, B, a, 8 vary for each oil.
At atmospheric pressure the varfation of viscosity with

temperature is given by

tn(2-) = c e8/T (19)
¥o :

The relationship dbetween temperature and either Saybolt seconds or
kinematic viscosihy may be plotted as a straight line on charts with
speciai scales, known as the ASTM Standard Viscési;y'remperature Charts
for Liquid Petroleum Products D341. However, sbraxght.linés for .
absolute (dynamic) viscosity may be plotted with minor error as shown
in Figure 19. L o A

In most hydrodynamlc theory the effect or presaure is not tuken
i{nto account. This effect can be ignored up to a fluid pressure of
1000 psi, but at pressures of . 5000 psi ordinary lubricatlng OiLS double
their viscosity. .In t&93 Barus establ! shed an emptrtcal equatlon to
describe {sothermal visvosity-pressure relatlonship for a given

11quid:

. Mo . ' ) .
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Eyrihg and co-workers [53] have derived a simiiar relationship based
upon molecular {ree volume mobility theory. Generally 1/a is
épproximately equal to 7000 psi for most mineral oils, resins, and
polymer blends. An early summary on pressure-viscosity work was
published by ASME [54], see Figure 20.

Interest in viscosiéy—pressure correlaticns hasfparalleled
interest in elastohydrodynamics (EHD). Equation (20) above
overestimates the.?iseosity at very'high pressures. Cameron {55] has
proposed '

. (scpn . (21)
Yo - B o

i

Other correlations are discussed by So and Klaus £56] and Johnson [57].
Allen, C. W., et al. [58] reported that spinning ball :xperiments
showed poor agreement between load and torque using equation (20).

They proposed a modified exponential form (Figure 21):

_“_,eap pSpm

Yo .
| . (22)
= e3Py + 8(p - py) P > Pp R
A similar model was used successfully by Chengv[59i. However, Johnson
[60] argues that the reduced viscsosity at very high pressures is
caused by'the shear stress limiting feature or‘the oil,at these
pressures. Non-Newtonian rlﬁid behavior i3 now discussed.

2.  NON-NEWTONIAN BEHAVIOR (OILS)'

"\'Non-Newtonian'rluid‘behavior is characterized by a viécosity‘which'
varies with rate of shear. Polymer-thickened oils (oilg éontaining vI -
improvers) ﬁsually suffer viscosity losses when subjected to high shear‘ﬂ
rates. These losses can be‘elthgr permanent (due to a mechanical or
chemical breakdown of the larger moleculeé) over a beriod of time, or’
it can be'temporary,'reCOVering the original viscosity when thélétress
is removed. We are concerned with the latter. ’ ‘

_ The Aaerican Petroleum institute (API) in conjunction with the
ASTM conducted an investigation on viscSosiEy variation with shear
rates..reported in ASTM Speciél Technical Pubiiéation No. 1i11:

A "Symposium'on MethodS'or.Measuring Viscosity at High Rates of Shear."
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Two polymer blended o0ils underwent a 30-40 percent temporary viscosity
loss at shear rates sf 50,000 to 1,000,000 sec”!--comparable to rates
found in automobile engines. Klaus and Fenske [61] reported on
viscosityishear characteristics of lubricants and rslated the resulta
to hydraulic systems. West and Selby [62] studied the effect of 'j : : e
multigraded polymer blended engine oils and found permanent viscosity ‘
losses. In January of 1964, a symposium was held by ASTM and published
in ASTM Special Technical Publication No. 382: "The Effects of Polymer
Degradation on Flow Properties of Fluids and Lubricants Contsining‘
Polymers." _ .

In the mathematical description of non-Newtonian fluids it is

necessary to retain the basic momentum.equation in lubrication:

op o1 .
ox .3y . v (23)

Flow propekties of the lubricant are expressed in one of two géneral-'-
forms:

éu : o .
— = F1(1) - (24)

or the inverse
1 = Fo(dusay) : - (25)
Greases have been modeled as Bingham glastics by Milne [63][6“]

T = $15 *+ u-g% : '.(26)

'

in which a yield vslue must be reached before flow 6akes place.A
Examples can be- founs in Pinkus and Sbernlicﬁfwf6~]7‘ If a liquld is
stressed rapidly enough, it wil‘ display an elastlic response to stress.
. thus. the duration of the stress becomes a parameter in describing the
properties of,such fluids. Milne [66] has applied a Maxwell model’ of a - e
lubricant .(linear viscoelastic fluid) to the.thsoreticél treatment of | V

slider bearings:

H . .
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were G is the elastic modulus and the viscous dissipation term (second
on rignt) is Newtonian. If conditions are steady, the time derivative

may be replaced by the space derivative and

g-)‘éag-%l+§ | (@)
Non-Newtonian effects can.also be expressed in terms of non-linear
vfscous dissipation and/or shear limiting effects. Smith [67] was the
firsc to suggest that lubricants under high pressure contacis display
characteristics that are solid-like. Johnson and Cameron [68] carried
'ont experiments using cylindrical disks 1n'combined-rolling and sliding
for_high contact pressures. They reported curves similar vo Figure 21;
however, Jjohnson [60] speculated ‘that the lubricant behaved as a |
granular solid, displaying a critical shear stress which can not;be
exceeded, rather than possessing a'reduced viscosity at cvhe high
pressures. '

a. Glass Transition

’ Whenllubricants are cooled, they‘do not solidify into a

crystalline solid at some fixed temperature. Instead their viscosity o

steadily increases until the material exhibits 4 solid-;ike behavior
referred to as a giess (amorphous ductile solid). Although the
process is continuous, properties such as specific volume or speed of
sound show a marked. change at the glass transition temperature. The
glass transition temperatune is'not fixed. Since the transition is a

“viscoelastic phenomenon, it responds in a glassy (elastic) way at
'ambienﬁ'pressures and temperatures ag in the early ASTM ‘work above. A

major methnd to.test the viscoelasticity of oils to strain rates is the
use of oscillatory shear at frequencies to 78 MHz. The now classic

- paper in this field is that of Barlow and Lamb [69] Major
'contributions have: been made by Dyson [70][71] to 1ncorporate the above

work into a continuous shear mechanism of EHD. Dirrerences between
oscillatory shear and EHD- experiments to extract the elastic shear
modulus 1is attributed to relaxation times by Johnson (72]. A good
summary of the oscillatory shear. approach to rheology is given by

Hutton [73]
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Hirst and Moore [74] have shown that a viscosity in the EHD

contact region of 105 pa-s (14.5 lb—sec/inz) is a good working
criterion for the onset of .an elastic reeponse; 1f the glass
transition is a consequence of the viscosity reaching a critical value,
the transition could equally as weli be brought about by increasing the
pressure isothermally as by cooling at constant pressure. Johnson and
Roberts [75] revealed viscoelastic behavior in a point contact disk
machine at contact pressures greater than 0.5 Gpg (72,500 psi).
Siiding speed (strain rate) was very low. This agpect of glass »
transition has been studied by Alsaad,et’al. [76]. They observed *hat
glassy states are very likely for most lubricants -in EHD contacts and
occur at lower pressures for sliding as opposed to rolling contacts.

Also, the glass transition temperature rises witn increasing pressure,

.Figure 22.

b. Joknson Rheology Model
The impetus for viscoelastic studies of lubricants in EHD

contacts was the tractics preblem using disk machines (two parallei
rollers with different peripheral speeds. Typical traction curves [77]
are shown in Flgure 23. In general there are three regions: (i) a2
linear Newtonian region, (ii) a non-linear region where the traction
approaches a constant value independent of the rate of shear (sllo)
and (iii) a thermal region. The traction is dominated by the
non-linear region. Hirst and Moore [78] first presented a non-linear
viscous flow model for high presaure EHD based upon the Eyring thermal
activation theory. Expanding on this idea Johnson and Tevaarwerk [79]
developed a non-linear Maxwell model described by

du 1 dt o ' 2

E;_:—G.E*F(T)'. . , (29)
where

F(1) = i—Q sinh(1/1g) a : ~ (30)

and 15 is an experimental constant. At .small shear stresses F(1)
reduces to t1/u--a Newtonian fluid. It is lmportant to realize that G

and v, d‘pond upon fnmpﬁrature and pP(uSUPU d3 doea the vstoslty " The
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success of this model is éhownvin Figure 24 which includes data from a
disk machine. The dimensionless number D (Deborah nuuber) = uU/Gb
where b is the contact radius.

'Eyring's_equation for non-linear shear rates may be written

d . ! ,‘ 4 '+E ) . '
LY exp r- YiP sinh 2L (31)
dy L «T kT :

where A i3 a constant, E is the activatioﬁ enérgy at atmospheric
pressure, T {s the absolute temperature, k is the Boltzmann's constant,
vy and vp are'aCtivation volumes for preasure and shear,respectively.

When vot >> KT

du 1 vot-vip-E ' _
_— - 22TTNiPTe 32
ay 2 A exp KT . (32),

6r comparing with equation (30)

To - kT/VZ .
2k
T 21 exp Al At

In the high strain rate region equation (32) implies that, at constant.

strain rate{
. vy, :
T - (;l) p + constant (33)
2 : : '
Such a rélationsh!p has been recently found for the shear of solid

amorphous polyﬁers.£80][81][82][83I[8ujL

c.  Winer Rheology Mocel
Experiments have been undertaken by .Bair and Winer [85] to-

measure the shear stress versus shear rates (lowrrates 10-4 -1 to high
.rates 102 s-1) for var{ous lubricants under high. pressure contacts, see
Figure 25 tbr exampie.: The data_liea prlﬁavily in the high shear ‘
region which'exemplitlea the limiting shearv;:reas; This data 1s
éompaéible with‘Jonnsdn.above who acknowledged a limiting shear stress
by adyocatlng'a Prandt1-Reuss model, (elastic-plastic solid) at very
high rates pr strain. Bair and Winer were able to collapse the data
for several lubricants by means of the noq~11near viscous model
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F(1) = - -k gn(1 - 1) . S € 1)

u 1L :

where t( is the limiting chear stress, Agalﬁ rL-debends on. pregsure

and temperature. Recent experimental data by Bair and Q;ner 861 for

twelve lubricants give pressure and temperature e:tects onr viscosity,

elastic modulus, ahd the limiting shear stress. :See also Houpert, et
[87l.

3. POLYMERS .
Oils under the extreme pressures‘of_elastohydrdd}namlc (EHD)
" contacts thicken to the poiht of becoming plast}c;Like. Thus,- their
'behavior is very similar to polymer'melts. _The viscosity of polymers
have been desc?ibed by expirical relapioné fdﬁhover a half of a century
while the description of oils under EHD contacts is very recent.
. Polymer rheology is now reviewed. o
Eyrings theory [88], outlined for oils in Section 2b., was
proposed to explain the shear behavior of polymers as early as 1936.
Let the shear rate du/dy Z Y. Then rearranging equation (31}

T T .
YT T Wexp[(ay P/T)+(ap/T)] sinn(agi/T)

(35)

If temperature changes are not too large when pressuré and shear 3atress

changes occur.
y - r1(M)f2(T)f3(P), fy(r) o 36

where M is the molecular weight. It has been round experlmentally that
most unbranched linear polymers having a molecular weight 'in excess of
the critical Mo obey the above rule of logarithmlc addicivity of
v13cos;ty. A linear polymer is a polymer in which the molecules are |
linked together in the form of chains with little side .1inks or -
branches such as higthenpity polyethylene. ' ‘ -

At -low shear stress (or shear rates) equation (35) becomes
Newtonian but wlﬁh increasing_shear stress the poiymer meit-viscoaify
decreases in a characteristic way, giving rise to what is known as a
non-yewnonian flow. A number of empirical‘equatlbns héve been oroposed
to ‘describe this behavior. The best known 1s the. power léw model of

Ostwald-de Waele (1923): ' '




1= ciN : o (37)
Figure 26 illustrates this law very well [89]. Thus,

y o= cyN-1 C ' (38)
or |
y o= crp(N-1I/N " (39)

where N is called the "flow index" of the polymer. From equations (38)
and (39) it is not surprising that the shear stress functional is often
replaced by a shear rate functional in equation (36) for linear .
polymers.

Of course the power law can not adequately represent the
~ncn-Newtonian flow behavior over a wide shear rate range nror can it
pred1c£ the transition. to the low-shear limiting Newtonian viscosity.
Mendelson [90] proposed the following for a good fit to experimental

data at low -hear rates:

log t = Co + Cy log ¥ + Ca(log V)2 - (40)

Parrini et al. [91] investigated the melt rheology of nylon - 6, nylon
- 6, 10 and nylon - 11 by dirrerent techniquea and arrived at the
rollowing relationship: ' '

log 1 = -2.88 + 2.18 los(qu) - 0. 121[1og(u°Y)]2 ©(41)

which is valid for shear stresses upto 1500 psi. A recent correlation
by Mount and Chuna {921, which lncludes temperature, is shown in Table
1 for several polymers., ) .

Recognizing the limitxng viscosity at high shear rates Cros% (93]
‘propoeed a senienpirical relatlonship

u-u.‘—q——-—-v-—-—u - s R " . (I‘Z)
R (A?)P

. .yhere A i{s a temperature dependent constant and

. ﬂ - (ﬁN/ﬁN)o'z

However, the relationshlp is a rour~parameter (unknown) equatlon.
Other empirical relatlons lnclude

.49
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N Bueche and Harding [94]
A .
. . .
=— = [1 + 0.6(1¥)0.75]-1 (43)
Yo : :
where A = 12ugM/n2pKkT (44)

Vinogradov [95]

L ‘ | o 0.355 ; 0.7 -1 ,
L =[1 « 0.4 . (2 (45)
Ko C c
where C = 1.9 psi
Graessley [96]
%— = [1 + 1.916(ro?/2)0'80$] ! (46)
o ' . .

Thé above empiriéal fits do not include the high shear rate asyptotes.

However, consideningvthe denominator powers of the shear rate Qre
approaching one, '

‘“‘? er e

= UO/TO ) eq. (u6)
%Q i.e., the shear stress approaches a limit at high shear rates as with '
> ‘ .
*i‘ lubricating oils.
>

The temperature function in equation (36) is generally givén by
the Eyrihg'relation for both lubricating oils and polymeb;:

i £5(T) = AeU/KT (k7Y -
! or
1) - : o
¥ o
!n.: ' " B.(T _To) S ’
o8 L. S (i)
oA Y Co |
§§ Cogswell [97] lists the relative fluidity index
2 | u at T°C ' S
s RFI = — : (Y4
R wat T + 10°C ‘ : (49)
F.;t:v ’ o
_}} for a number of polymers, see Table 2:
e :
e
T
a4
?‘-:‘
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1t is etraight forward to show that
~__An(RFI) -
B = - ' ' (50)
1. 1 ‘ : o .
T T+ 10°%

The effect of increased pressure on viscosity is similar ;o a
decrease@in cenperature i.e., reducing free volume and molecular
mobility 380 Ieading~to an increase in viscosity. The study of the .
influence of pressure on viscosity has attracted few-exberimentalists
or deﬁailed:reviews. This is because the'primary interest in polymer

.properties is extrusion processes where the pressures of several

hundred psi are insufficient to influence viscosity. As with

E lubricating oils

11 , ‘
s @p + 8(5 , To] g . B
i—a @ , (51)
Ho ’ . .
Since
ou
du = |— dT
u (ap) v (ar) vo
or ,
dr ‘ ' '
—] = aTy2/8 : L (52)
: (dp Mo ° : .

" Cogswell [97]'has given a table of the pressnre/temperature equivalence

at constant viscosity as well as constant entropy to suggest a guide if
only the thermodynamic data is available. The table is reproduced

,below With Table 3 and equation (52), the pressure coefficient can be

found for a number or polymers._ﬁ

4, ADOPTED HODEL

'Both the lubricating oils (under high pressures) and the*polymers;'
have similar properties and have similar mathematical descriptions.
They show elastic behavior (memory). during short time scales so that
equation (29)‘is tnebrundamental startiné point for a model. A'claSSic
text on the viscoelastic properties of -melt polymers is written by
Ferry [98]. He gives an expresaion which relates tne elastic shear

' modulus G. to the molecular weight distribution of the polymer:
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N TABLE 2.. RELATIVE FLUIDITY INDEX  (RFI)
| FOR AN INCREASE IN TEMPERATURE OF 1G°C : -
. Test
) Polymer : temperature RFI*
K (°C)
| Br :nched pol\cth\lcnc 150 1-35
i 200 13
' 250 1-25
N Linear polvethylene A1 1-2
N . Polypropyvlene 200 1-2
: Polystyrene 20 1-7
Polymethy! methacrylate 200 25
‘ : : 2’0 1Y
4 Polvcarbonate 250 15
3 Polyethersulphone ' 350 1IN
o Nylon 6:6 b s 138
: Polvethvie- = terephthalate 278 135
; . _ Polyacer- _ _ 2R 12
. Polyv avlchioride o] L X 1
:’ N viscosity it T2C
. ' RFI = viscosity at (T + 10)°C AL constant sress. ) . )
. + I the case of puh\m\lchlundm the ‘melt’ is kaown w0 he ~ln.luh ! ,
¥ . ~ . envstalline. Co .
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TABLE 3. RATIO Of VISCOSITY TO ENTROPY
OF VARIOUS POLYMERS '

(4T/AP)

(0TIOP)g

Polymer (‘C!Nm"—% ("*C/Nm-2) Ratio.»/S
Low-density polvethylene  5-3 x 10-7 1-6 x 10-? 33
High-density polyethylene  4-2 | L 28
Polypropylene 86 2:2 40
Polystyrene 40 1-5 2.7
Poly(methyl methacrylate) -3-3 1-2 2.8
PVC . 31 I-1 28
Nylon 32 12 2.7
Silicone 6-7 1-9 35
Acctal copolymer 51 , 14 36
Polyphenylene oxide 57 - —
Polycarbonate - 36 —_ —

' Polyethersulphone 67 . — -—

508D 1.7 1-4SD 0-4 3-1SD 05

Average valve

.35

-
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where ﬁw is the weight average molecular weight as opboaed to Enw the

number average, and R is the gas constant.

on the order of 10° pa (15

Generally, the modulus is

psi) for both lubricating oils and polymers

Polymer models must have Newtonian behavior at ‘low rates of shear

and limiting shear stress at hiéh rates of shear.

limits a number of empirical models havs been reviewed above.

Between these two _ -
‘Often,

there is little to choose between them when selecting the proper

experimental constant.

Since rotating bands operate in very hlgh shear

rate regions where limiting shear stresses exist near the moving

surface, it is proposed to use the more direct (and. mathematically,

du d [t
— o ——f— | o+ F(-[)
dy dt(G)
" where
F(r) == T < 1
T du ‘
o — T =1
1y, dy L
or )
[4)]
]
1S
e
n
-
o
]
R
I(I)

shear rate
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‘the least complex) low and high shear rate asymptotes.

Thus,

(54)
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SECTION IV

FRICTION THEORY FOR METAL ROTATING BANDS

i.  INTRODUCTION

Evidence of material melt at contact points of rubbing surfaces is

well documented by Bowden and Tabor [14]. That fvll melt occurs over
the surface at high sliding speeds is not surprising. Bowden and

Freitag (47] found' a melt over the contact surface of metals toucheo by
_spinning steel balls. Sternlicht and Apkarian [45] gave evidence_of

melt with the Franklin Institute pin-disk machine. Montgomery'[9]£1o]
proposed a full-film melt for projectile rotating Bands.

Under large loads full-film melt can take place at low sliding
speeds., Tanakz [40] reported a thin layer of melt on~polymer pins when
rubbed with stee)l and glass surfaces at speeds'to 2.5 m/sec. Recently

Clerico [38] found the presence of a solidified melt on rotating
polyacetal disks at relative sliding speeds of 0.76 m/sec.

Theoretical papers on melt lubrication are limited. Wileon'[uzj
proposed a hydrodynamic slider bearing model or_the slider riding on
its own melt. The fluid temperature was assumed to be constant“et the
melt temperature, and no consideration was given to heat transrer from
the melt region. éicego, et al. [43] modified w1lsoo's work to include
conduction from the surface (ice) to the film. The results were -
obtained in terms of the track-elider temperature difrerenoe, thus
avoiding the actual heat conduction problem. There is no a priori

" reason to assume that non-parallel surraces (hydrodynlmic effeot) are

necessary to produce load support for melt lubrication. In early
experiments using the Frarklin Institute pin-disk machine, Sternlioht
and Apkarian [HS] measured the friction and wear of several metal pins
against a high speed steel disk. In an application or Reynolds'
equation to melt lubrication, they proposed the thermal ‘Wwedge as the
mechanism to support a normal load between parallel surfaces. Neither'
the basic equations nor the solution details were offered in the paper.

7 2 N

R SE N ARSI TUTN L L U VI T T SRy WA PN




Sy -
P

. - ‘--.w-\‘ : [N S T P
‘{M‘V (%2 LN&M*L'F \.\{5&’- X! N‘t“{“ﬂ‘u‘n’."va*tﬂ Ly -L"\. -“ -\.

.
et

The author would like to preseﬁt an overlooked mechanism to
provide load support for parallel surfaces undergqing melt
lubrication--the mass melt itself per unit area. The mechanism is

similar to the load support achieved with porous bearings.

2. ANALYSIS
The following assumptions are now made but verified through the
course of the section. . _ '
1) The fluid is laminar and incompressible.A 
2) The‘pressure isbconstanq across the film and average values
of density and viscosity are employed. .
3) Film thickpess and meit penetration into the solid are small
compared to the length and width of the slider.
4" Only one surface isAmelting. Resolidification nccurs after
the melt flows from between the surfaces.
5) Quasi steady staf~'condit10ns are reached-in the film.

) The basie equations for thin films are taken from Constantinescu .
(10]. '

Moment un
5p 3 . du - _' -
x " ay ay? _ (55)
op 9 ow o
9 .° X . . 6.
v -BY'(y ay) _ o (56)

Since the pressure -is independent of y, the above equations may be
integrated tn give expressiona for the velocities u, w between the two
surfaces. For a slider moving with velocity U across aArixed plane,

1 3p 2 Uy ' S
- - yh) + = v -
U YR ym e iR S (57
1.3 ., : . ' : '
- — — € ~ yh . : 8
hr e (y¢ - yh) . N (5 ?
where h is the film thickness.
Continuity
a(pu . a(pW)_+ a(pV? -0 | . (59)

9x 9z oy
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whei. the continuity equation is integrated across the film, the
resu:tant equation is called Reynolas' equation:
L(22). 2 (220) g 2 om refev]]) o)
Typically in such derivations the term pv is replaced by the surface
rate of approach, bah/at, and the film is referred to as a "squeeze
film." Previous models of melt lubrication have proposed hydrodynamic
actibn, h(x), or thermal wedge action, p(x), to accouni for film load
support. However, it is a mistake to assume that the last term in
equation (60) is zer¢ if the surfaces do not .approach each other. The
terﬁ should be interpreted as the rate of mass addition per unit areé
from thé melting surface. Then for parallel surraces‘and a fluid with

constant density an? viscosity equation (60) becomes
¥2p = 12y m/pn3 (61)

where m is the conétént mass rate of melt per unit area for the slider
or fixed surface. A solution. analogous to the squeeze film problem

{981, is given by

} . 48m1.2y : (_1)(n-1)/2 n"3 cosh(nwz/L)
P = Pa ® 70353 nli,3,s cosh{nn3/2)
- 1 cos(nwx/%) _ (62)

_where g is the ratio'or the long side length to the short side length
L. The load support is found by integrating eauation (62) over-the

ar~3 A,
Jw w2 o192 e ] (63)
TR T N3 . %58 n=1,3,5 '
. or | '
o = umt28/ph3 o S (64)

where § {s equal to one for large 8.

Energy

The energy equation s
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where ¢ is the dissipation function. .By dimensional reasoning the film
1s quasi steady-state if the characteristic time ot the process te >
h2/a Furthermore, gradients across the thin film are much greater
than gradients in the film plane, and the latter are neglected in thin
film lubrication [99]. Thus, '

3%t 3 w2 . -
ka—y-g*u{(a;) *(5-;) ]=0 o (66)

" The solution is found by substituting equations (57)(58) into equation

(66) and integrating twice. However, a simplification can be made. In
all pratical cases the viscous’heating due to the Squeeze velocity,

which arises from the pressure gradients, is negligible when compared

to the heating due to the sliding velocity. Assuming

p oh? .
- — /(U/h) = — ¢¢ 1 ' ‘ . 6
2u_ 9x (u/n) A (67)
then
T-Tp = (Tg - Tp)ysn - 3935 (y2 - yn) (68)
s 2kh ,

where Tg, Tp are the surface temperatures or the slider and fixed
surface respectively.

The heat flux per unit area out of the film can pe established

from the temperature gradient at the surface:

as = -k[dT/dy],
Cap = w[atray]y
Or" -‘ | ’. . ‘
ag = k(T¢ . f,)/h + W2/2n (69
qr = -k(Tp - T4)7h + w2s2n o)

At the sc.e time the heal flux into the surfaces depends upon
whether ‘or not the surface is melting. Landau’ (100] has solved the
trans(ont heat conduction problem for a melting solid in 'which the melt
is Lontiwuously removed.  He shoued that melting commences-at time
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tp = a[pHa/q]1/2 : , (71)
whgre a is the diffusivity, H is the latent heat 5? fusion,
a=a"2c(ry - To)/2H S (T2)
and Tm is the melt tempe;ature. For rubbing solidé,
« q = foU ‘ (rubbigg solids) ' (73)

where o is the loéd'per unit area, and f is the friction coefficient.
For highly stresscd metal surfaces rubbing at moderate speeds, ty {s on
the order of 10~8 sec. Landau notes that a steady-state solution,
i.e., a state characterized by the migration inward at a constant
velocity of a fixed temperature distribution in the solid, existg with
the heat flux: ’

am = (4 + ¢(Ty - To)] (melt surface) (74)
The approximate condition at which this steady-state is reached is t -
10 ty for a 2 1. With smaller values (of a) the time is longer. At

" the solid surface the heat flux for ;ransient conduction in a ’

semi-infinite solid is

k' (Tg,p = To) R : '

q - (ra't)172 ’ ,(75)>
Using the average neat flux over the characteristic contact time té =
ic/U where the characteristic length L, fs L for the fixed surface and
Xo (the sliding distance) for the slider,

. k' (Tg.p - To) - .. . .
Anm - 2q = _T;;Ti:EGTT7%_ (non-melt surface) (76)

The readeﬁ-is cautioned that non-melting ;lidersvundergolng extremély
1afge.sliding distances should be modeléd as a sceady?state'conduction
problem governed by convect{on heat transrer coefficients at the '
boundary. ' ‘ o B _ v

v Once it is determined which surréce melts, equations (69) and (70)
are equated to the proper flux, equations (74) and (76). 'The resulting
two equations can be solved for film thickness h aqd surface tgmperé;‘




ture Te or Tg, depending upon which one ha3 been replaced by the melt
temperature Tp. The results show that the same governing equations

apply to a melting slider or a melting fixed plane:
(Ts,r = To) = [(Tn - To) + 03]/(1 + boh) (77

bybyh5 + byhl + bo[(Ty - To) - ¢3]n - 2e3 =0 (73)

where
by = o[ (H/e) + (T - To ) J/ ant 26 | (79)
by = 2k' (na'he/U)"1/2/k - (80)
03 = WU2/2k "' - (81)

The solution to the problem can be simplified if the non-melting
surface is conducting or non-conducting. The total heat flux from the
film is divided between the melting and the non-@elting surfaces:

- Qg * 4f = dn * Aum . (82)
From equations (69) and (70),
as * ar = wU2/h . (83)

Now the heat transfer ratio

ap  pon3{H + c(Tp-To)] ( re't) 172 a1
Anm 2ut28k ' {Ty-To) U

‘represents two extreme approaches: (i) Qy/Qpp << 1 where most of the

generated heat is conducted into the non-melting surface, and €{f)

y
Yo'

"

Gm/Anm >> 1 where most of the generated heat goes to melting the

1

r
v b e

opposing surface. Although many conditional factors affect the ratio

2

) A“',_i

in equation (57). the author has found that surfaces with high thermal
conductivity (metals) tend to give a solution that forms a low ratio
althcugh high siiding‘ve;ocities’ror all material pairs will do the
bame,‘ Using the words "cbnducting surface" and "non-éanductiné ‘
surface" to characterize the approaches, pwd extreme solﬁtlons can bé-
obtained for the film thicknsss. If qu/dap << 1. then |
uU2/h = qpp L ' (85)

1

For most cases equation (77) reduces to
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(Ts £ - To} - (‘m - TO]
'Thus, the film thickness for a conducting, non-melting surface is

wu2(wateosu)t/2

v (86)
' Ty - To) :
'Similarly. it qq/Qnm >> !, then
we/h =qy (87)

Thus, -the film thickness for a non-conducting, non-melting surface is
(uUL)2s
pO[H +C (Tn"To)]

Once equation (86) or equation (88) is selected to find the film
thickness, equation (84) can be used to verify that the corresponding

(88) -

heat transfer ratio is satisfied. ' If the ratfo is near unity, the:
fifth order pclynomial, equation (78), must be solved for the film
thickness. e

3. FRICTION FORCE

Again neglecting the contribution of the pressuré gradient to the

flow field, tne rorce per unit area on the sl;der is slmply
wu B : ' .
T | . o (89)
. The coefficient of melt friction {s

0 : ‘ . :
t "ﬁ; : (90)

The two extreme solutions for the film thickness yield

2k (Tp - - ‘ o
£ = -Tr£~m-—7;9%- (conducting surface) (91)
olva’loU » o _ ‘
| a "7 o :
IR 1938 ' , (non-conducting .

surtace)

The importance of material thermal propertles 13 evident.
Furthermore, low sliding velocities suggest an increastns coerrinien;

: ot rrictlon with apeed. equation (92). whereas htgh sliding velocitxes'
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suggest a decreasing coefficient of friction with speed, equation (91).
Theie effects have been noted in data for the dry sliding of polymers
[351(361. o '

4. WEAR

The material wear 18 represented by the amount of melt squeezed
out from the contact area, @, and'is given by-equation'(6u). Expressed
as the volume remoyed per unit distaﬁce travel |

wh3

V'[cm3/cm) = PUU—G o (93)

5.- EXAMPLES _ : o

The melt lubrication model is now applied to two examples: (1) a
copper rotating band melting on a steel gun barrel; (2) an ice skater.
Each example represents condﬁcting surfacés. _

Rotaciné_bands have nolflow in the circumferential direction while
an ice skate is very narfou. In each case B8 is infinity. The
non-melting steel has a characteristic.contact length &, equal to the
rotating band width when it is the barrel, but it has a characteristié
contact length L, equal to the skater's stroke when it {is thé'slider.
Table U 1ists:appropriate variables. Melted copper properties were
"obtained'rrom Sternlicht and Apkarian [45]. A summary of the two
examples is givenlln Table 5. '

The Reyndids' number R is indeed small, and thg temperature across
the £ilm differs iittle from'thevmelq temperature. Thus, assumptibns
{1) and (2) are'juéti{ied. Density changes sufficient to cause a
thérmal wedge action is remote. It remains to-verify that tpe presgﬁre
gradient contribution to the energy equation (66) is negligible when
compared to the Couette contribution. The parameter ‘in equation (67)
has 2 magnxtude of approximately 10-3 for the two examples above.

Montgomery f10] found indirectly that the friction coefficient of
gilding metal (90% Cu; 10% Zn) rotating bands in 155 mn howitzers
decays rabidly to f.; 0.020 ﬁiﬁhin'lz em of traveI.V‘Usins his speed,
9000 cm/sec, at which this value is reached and the band width, 2 6 cm,
the calculated value of the friction coerftéient is o‘dzu' Mdntgomery
notes that "tne coefficient of friction slowly falls with increased
travel beyond thls point but this probably was an artifact caused by
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neglecting the wear of the kotating bands."™

Although this explanation

is a factor, it is significant that the expressicn for the friction

coefficient, based on equation (91), dccays as the square root of the

accelerates down the barrel.

velocity. This phenomenon would be expected as the projectile

’ _ ‘ TABLE 4. VARIABLES FOR MELT LUBRICATION EXAMPLES

Melted Melted Solid

Parameter Copper Ice Steel
U (cm/sec) 3.0 x 104 100
o (N/em2) 3.4 x to¥ 100
H (N-cm/kg) 117 x 106 1.90 x 107
Tm - To (°C) 1055 -2 ,

- a (em2/sec) 0.9 1.30 x 1073 0.09
¢ (N-cm/kg-°C) 4.3 x 10 4.3 x 105
k (N/sec-°C) 354 0.55 33
p (kg/cm3) 8.9 x 10-3 1 x 1073
u (N-sec/cm?) 3.3 x 1077 1.7 x 1077
£ (cm) 0.7 0.3
Lo (cm) 0.7 (fixed)

, 150 (slider)
by (°C/cm¥) 2.6 x 1014 4,1 x 1014 '
by (om~1) 72 183
¢3 (°C) 0.42 3.1 x 1073
.
T o .- TABLE 5. SUMMARY OF EXAMPLES
Example . . “h (cm) Ta,r = T (°C) r R
rotating band 1.1 x 1075 0.4 ~0.076 90
skater ' - 1.7'% 10‘5 . 3x103 . o.0m 0.1
- 65
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SECTION V

FRICTION THEORY FOR 'METAL PIN-ON-DISK DEVICES

1. INTRODUCTION

Friction theories have been based on matertal'mechanical'
properties and limited to low speeds. However, in most engineering

applications frictional heating is signxficant. .It has been known for

decades that dry rubbing between bodies produces very high temperatures.

at the asperities sufficient tc melt the mauerial [14]. Early high
speed sliding experiments at the Franklin Institute [107] have found
molten layers betweeﬁ metal pins rubbed on steel disks, the data
subsequently summarized by Mont.gomery [9]. Recent workers [35](38](39]
have reported evidence of melt layers when polymer pins are rubbed on
steel and glass disks (or cylinders) where the relative sliding
velocities are on the order of one m/s. »
Stiffler [12] derived a melt theory to explain friction and wear
between sliding surfaces, applying it to projectile rotating bands.
The essential features of the theory are the following. o
1) Dry rubbing at sufficient loads and speeds will produce
enough heap to melt, one surfece,
2) pnce a layer of melt forms a steady-state'conditxan ex;sts in
which viscous friction'suppiies ‘the heat to melt orie member
cf the sliding pair. _ ,
3) The load support is governed by classic squeeze film
principles. but the melt is continually supplted to maintain '
a constant film thickness. : o
4) The melt thickness must exceed thevnon—ueltlns suérace
roughness. .
The ‘purpose of this paper is to extend the rectangular theory to
cylindrical contacts and apply the results tq an-on*disk’da;a. The

- theory development will parallel Section IV.

2. ANALYSIS ,
Consider a round pin sliding on a rotating dlsk in which the disk.

has a higher melting point than the pin. The tollowing assumqslons are

employed to describe the melt.
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1)  The fluid is laminar and incémpressible.
2) The pressure is constant across the thicknéss h, ahd the
" density and viscosity are constant throughout the film. )
3) The pin is melting with resolidification after squeezing from
" the contact. , '

4) The surfaces remain paralleal. ‘

5) Film tﬁickness_and heat penetration into the solid are s:zil

compared to the pin size. '

6) Quasi-steady statebconditions are reached in the film.
Assumptions (5) énd‘(6) are justified by the theoretical heat transfer”-
work of Landau. [100] and sumﬁarized in Section IV.

Although the round pin suggests cylindrical cozrdinates and the
sliding velocity boundary condition suggests rectangular coordinates, a

. difficult two-dimensional problem can be avoided by using the

superposition principle (102], i.e., the non-linear 1nert1a'terms are
neglected in lubrication fluid mechanics. Thus, the pressure and
velocity fields for the "Couette effeci" due'td pin translation can be
added to the fields for the radiall"squeeze effect." -

The Couette effect develops no pressure field or load support. -
The velocity is simply '

vx = Uy/h ‘ - (94)

whers x denotes the direction of disk surface velocity U and y denotes
the direction  perpendicular ﬁo the surfaces. '
The momentum equation for the squeeze effect is

ap 32v .
5; = urs;gn (95)

Integrating across the melt film,for a stationary disk and pin,

1 ~ ' : r
L I e S L (96)
. . ' r ' ’ . ! .

.The continuity equation is

Alpr vp) . a(pjy) .
ar y

1 0 g (97
= |

[

© Substituting equation (96) and integrating across the film gives the

l,/"

reduced Re&nolds} equation for parallel surfaces:
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1a {p ki L
rdr | dr ph3 U’y o]
P(R) = pa‘

dp(0)
dr

(98)

The ternm Vy at the -surface is always interpreted as the rate of surface

approach sh/9t, i.e., a squeeze film.

However, in this case, the term

pvy = # must be interpreted as the rate of mass addition per uhit area
from the melting pin.

The solution is given by

m
P - ps = gﬁg (R2 - r2)

(99)

Integrating over the pin area for the load capacity,

or

" 3wumRY
th3

3umR?
g 2ph§

(100)

(101)

where ¢ is the average pressure between the pin and disk.

energy tc continually generate pin melt.

It is viscous dissipation in the melt layer that.supplies the

In addition, energy is lost

from the film by way of.transient heat conduction into the non-melting .

disk surface.

0

e
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gradients perpéndicular to the surfaces arélimportant (assumption 5).
Thus, the energy equation for the melt layer reduces to

d2r dv,. \ 2 dvy \ 2. _
gz e [(GE)° (52)°] -0
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The film thickness (degree of melt) depends on the

. . discributiqn of heét between the pin and disk. Since the
chéracteristic time of the film heatlng (h2/a) is much smaller than thé
pin contact time, the film heating is quasi—stétic."Furthebmore,'énly

. (102)
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Now in all practical cases the pin translational velocity vy is much
gﬁeater than the squeezeAvelocity Vp, and viscous heating from the.
latter is neglected. Assuming

" dvp/dy  -dh?
rlSY o« 1
dv,/dy TuRU ,

the Solution to the energy equatlion is

| 42 | |
T~ Ta = (Tq - To)y/h) - S (¥2 - yn) - (103)

where Tq and Ty are ;he surface temperatures of the disk and melting
. pin respectively. '
The -heat trénsfer per unit area out of the film is given by the

temperature gbadient at the surface:

ap(pin) = +k[dT/dy],

qq(disk) = -k[dT/dy]y
or

ap = ~k(Tp - Tq)/h + w2s2n, (104)

ag = *k(Tp - Tg)/h + w2/2h (105)
What is the heat transfer in equations (104) and (105)? For the
melting pin the work ‘of Landau [100] is important. He found that the -
problem of a heat flux meOSed on a surface where the melt is
cbntinual;y removed will reach a steady staté solution within a time
scale much less.than the contact’time. Tbe stace is'characterized by a

steady inward migration of a fixed temperature distribution within the

solid, and the Heat transfer is given by

qp = a[H + o(Ty - To)] (106)

At the:disk surface the héat transfer for tranéient conduction into a
" semi-infinite solid is ' ' '

k(g - 1) - | |
e L - e
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whéke the prime represents disk properties. For a pin with '
characteristic length %, sliding on a disk at relative velocity U, the
characteristic contact time te = L./U. Using the average heat flux for
the contact time,
2k (T4 - To)
= 2Q ~ T TS - (108)
a7 28 = )/ _
Since contact length varies across the pin an average contact iength is
defined: ' '

/2
33_["

y : . .
= cosgde = —.R o (109)
/2 Jo b

Lo

'‘Equations (104) and (105) may be solved now for the two unknowns: disk

surface temperature Tq and film thickness h;

(Ta = To) = [(Tn - To) + 030/(1 + 420} (110)

0102h3 + ¢n% + o[(Ty - To) - ¢3]n - 263 =0 (111)

where
$1 = 2&[(H/c) + (1q - Td)]/sagRZ (112)
02 = 2k'(na'8e/0)" " 2/k (1i3)
63 = W2/2k . | (114)

For ‘all practical cases,
(Tq - To) = (Tn - To) : (115)

Equatibn (111) for the film thicknessihas aisimple solution for
two extreme conditions: (1) ‘qp/aq << 1 where most of thélgenerated.
neat is conducted into the disk, called a corducting disk surface; (2)
Qp/Qd,>> 1 where most of the‘generated‘heat goés to pin helt, called a

non-conducting disk surface. This ratio is

3[H.+ oty - To)] (da'R)1/2 | |
Ap , pobiiH * eiTy - To)) (la _
qq 3uR%k'(im - To) ( U ) . o (116)
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While there are many parameters, the film thickness is the predominant
term. These fiilm thicknesses aré very small and the ratio is much less
than one for all pairs examined by the author. For example, low
melting ‘'nylon pias sliding on a glass disk at one m/s gives a ratio of
10-2, _ : R S '

From equationé (104) and (105)

a *+ Qg = wU?/n ' : (117
For a conducting disk, Qp/qq << 1, the film thickness is

2(ar 172 o :
p - WUElatRU) o (118)-
kf(Tm - To] :

For a non-concucting disk, qp/qq >> 1, the film thickness is

3(uUR)?2 14

" V2polH + ety - To)] : : (119)

3. FRICTION FORCE

The friction force per unit area is
- - - (120
T . , | { )
The coefficient of melt friction is

' ul. . . ,
f =—- . : , 121)
he . (

The two extreme éonditions for the'film'thickness yield

k' (Tp - To) - |
= O .
ola'RU)T/2 fqonducgingvdisk) B (122)

N - 1/
2p202(H + o(Ty - To) .

3R2¢3 : (non- - (123)
’ - » conducting disk)

" The material wear-is represented'by the amount of melt & squeezed
from the contact area and is given by equation (}01). Expressed as the

volume removed per unit distance of travel:
2noh3

3/ - : - : 12k
V(cm éT?-i' 3.0 _ (12k)
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5. RESULTS

Perhaps the most comprehensive experimental study of metal
friction and wear at high sliding speeds was done at the Franklin
Institute from 1946 to 1956. A pin—on—disk device was used to slide
metal pins aganst a spinning steel disk at.speéds up to 548 m/s. The
pins were primarily copper and gilding metal (90 CU; 10 2ZN) although
several runs exist for aluminum, zinc, and nylon. A radial pin
displécement on the disk assured that all data were single pass. This
fact is 1mportant'fpr comparisons between theory and experiment.

A calcuiation of the neat transfer ratio showed that the disk is
conducting for all test parameters. Therefore, a normalized coefficient
of fricticn, based on ebuatioh (29), is defined:

£~
where fo5 is the measured COefficiené of friction. The data plotted
against f should reduce to one. Thermal properties [103] ol the gun

steel disk can vary significantly with temperature:

T(°C) a7 250 400 600 1250
N Btu :
' - . [P
¥ (sec°C) 173 x hr ft °F 43 10 . 36 33 3
a' (em?/'sec) ' 0.122  0.092 0.073 0.058 0.063

Since the heat flux is defined at the disk,suhface,.the thermal
conductivity in equatidn (125) shouid be the vélue‘at the pin melting
témperature‘ However, the disk diffusivity covers the range from Tp to
To,» and an average dixfusivity (not the diffusivity at the average
temperature) is used. It is assumed that the disk bulk temperature T,
ts 27°C. . ‘ -

A plot of normalized coefficient of friction versus pin pressure
is shown in Figuré 27 for a wide range of sliding velocities. The
majority of the data represents copper pins'with a diameter of 0.2031.

‘cm. The available data for aluminum, zinc}Aandbnylon was limited to
274 m/sec with'a pin diameter of 0.3556 cm. There is a rather

remarkable fit for'cqpper at the higher pin pressures and a tight
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correlation with sliding velocity.at'ail pin pressures. The méasuced
ccefficient of friction at 1oweb'pin pressures is smaller than the
coefficient predicted by theory. '.Thé:reason.is'the disk roughness.

Shugarts and Rippel [101] repobted:tnat the Erankiin Institute
test disk had an rms roughness of 5 ~:13ucm (é - 5pin} in the direction
of travel. The copper film.tniéknegq_was calculated i'rom equation
{118), using a melt viscosityfof_3 3 x 10‘7 N-see/émz; h a'8ucm. Under
very high pin pressures the disk asperitles are greaily'deformed and
the surface roughness is reduced, ‘At lower pin pressures the copper
film thickness and the disk asperities are comparable and the film is
no longer uniform over the pln surface. Thus, the pressure (s larger .
than the calculated valué usihg the pin aréa. and the coefficient of
friction will be smaller. Iun effect the normalized coefficient of '
friction for copper at low bbeséures is less than the theoretical value
because the melt layer {s inéomplete, and the pressuré a i3 based on
the pin,aéea. ﬁoc on the actdal coniact area. The lower melting point
nyion and aluminum produce thicker melt films and give satisfactory
results at the lower pin presshres. However, the datg for zinc is
fnconsistent with these findings. ' '

The wear rates of the copper pins were tabulated also for the
Franklin Institute tesats (9] These experimental wear rates were
approximately 106 cm3/cm. When the theorétiéal wear: rate trom
© equation (31) was calculated. 1t was found to be appraoximate.ly 10‘8
cm3/cm. Wear rates are diercult-to'compare because~of the senéitivity

of the wear rate to the melt viscosity. It is certain that the

viscosity 1s much higher than the number used here becaﬁse of the.very ‘

~ high pin bressures., Also, the‘high shear rates are a factor. NOA
information: appears io_be available on how these two ‘parameters affect

thelyiscosity of metals.

Coatact Area.

The friction coefficient can be lowered by increasing the contact
Scress efther by (1} decreasing the pin area, or (2) increasing the
number of contactS. t.e., a sﬁrfaéc with 4 roughness exceediﬁg the melt
thickness. Assume N contacts of radius a. Then equation (122)

becomes
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Nma3/2 Ty - Tp)

N (126)

where W is the known load. The coefficient of friction decreases with
the number and size of the contacts until the flow pressure or of the
softer surface is reached. The latter state is achieved for most rough
surfaces under light locads and slow sliding spe~1s where the melt
thickness is much less than the roughness height. Gupta and Cook f104]
have investigated several'pairs of mating rough surfaces and found thaﬁ
the number of contacts is nearly proportional to the load while the
Size of ﬁhe contact 1s'near1y independent of the load, assuming round
.aSperiti nf equal size. They found that the ratio of :low pressure
to hardnes3 falls between 0,50 - 0.55. Replacing. the contact stress

with the flow pressure in equation (122},

T -

k' ( )
- : 12
f ot/ o (12n
where ' ’
a = 4R x 1073,/ ‘ (128)

The topographic index ¢ introduced by Gupta and Cook characterizes the

roughness:

E' '
g - | (129)

BH, VN
where B is the asperity radius of curvature and N is tﬁe nqmbef of
peaks prior to loading. Thus, the coefficient of friction is a minimum
when the éontaet.stress»approacheé‘the Din“flpw pressure, aﬂd the size
or'ﬁhe individualﬂpontact spots is és.large as poésible while
maintaining tnhe high contactAbressure. In theory frictional behavior
cén'be ihproved by~d1mp11ng the non-melting surface.‘ )
Tanaka and Uéhiyama t39] “udied Ehe effects of slidihg.épeed-on
" the ?riction and wear of ¢ ystalline polymérs. A pin-on-disk device
. was used for speeds ove.- the range: 10 - 300 cm/s. Overwhelming
evidence was presented to support a melt phenomena. Melt depth of:
polymer. pins on a glass disk was on the order of 1072 cm while the
depth with a sgeel disk was only se&eral_microns.' The heat ratio. in

equation (23) was much less than one fo; both glass and steel disks. '
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Thus, the theoretical coeffjcient of friction is given by equation

(122). Table 6 lists the poiymers and compares the theoretical and

experimental coefficients of friction for a glass disk. Glass

properties [105] are k' = 1.17 N/sec
It is observed that the theoret

exceeds the '‘experimental values by a factor of three.

-°C and a' = 0.006 cm?/sec.
ical coefficient of friction

The measured

coefficients are lower than predicted because all tests were multiple

pass. Tanaka and Uchiyama reported

polymer melt transfer to the disk

where polyacetal was the worse offender. ' They obtained a. photograph of

the contact surface through the glass disk. .

There existed a number of

narirow striations parallel to the rubbing direction cin the frictional

surface.

TABLE 6.

These bands 'were identified as non-contact areas

FRICTION COEFFICIENTS AND WEAR RATES FOR
SEVERAL POLYMERS AGAINST GLASS.
from Tanaka and Uchiyama {[39].)

(Experimental data

M.C. 3 f ~ v (th.).
Polymer (°C) (exp.) (th.) f V {(exp.) cm/cm
Low Density :
Polyethylene* 115 0.9 2.3 039 4 x 10°6 --
High Density . .
Polyethylene** 135 0.7 2.1 0.33 4 x10°8 5 x 105
_Polypropylene* 167 1.3 3.5 0.37. t x 10"%F 3 x 1075
! .
Nylon*# 250 1.3 43 - 030 1x1076 1.x 1074
Polyacetal** 175 0.6 2/9 0.21 3xt0"T 2x 1075
¥ 120 om/s

** 250 cm/s

due to polymer lumps and film which
Therefore, full contact does not ocd
is much higher than the pressure cal
author visually estimages the contad
pin cross-sectlional area. The unkna
important, especially for multiple p

Theoret{cal coerricténts of fri
approximately 15 - 30. These unusu

-very thin films are disrupted by the

7

had adhered to‘ihe qisk.

ur, and the acfual contact pressure.
culated from the pin size. The

t area as lesé'tnan one half of the

wn disk bulk temperature could be .
ass, tests.

ctfon rdr the,steel disk are

11y high values are a sign that (1)

surface poughnésa. and high. local -




pressures exist in the film or (2) iow_speeds‘and 1bads do not supply
sufficient ‘energy tc bring the contact into the thermal melt regime.
Consider again equaticn (122). If both sides are muitiplied by the
sliding velocity and rearranged,

foU = qq | o (130)

i.e., the frictional work input per unit contact area is equal to the

transient heat flux to the disk Surface. The contact stress must be

determined accurately, and the contqct must reach melt temperature
before equation (112) is valid.

Table 6 compares the theoretical wear rate for several polymers
with the experimental values from Tanaka and pchiyama. Equation'(Izu)
has been adjusted for the higher contact pressures and expressed as a
change of pin length per unit length of travel. The ﬁeasured wear
rates are smaller than theory by a factor of 100. - Polymer
'viscosxties were determined by measuring the eoliditied melt 'depth on
the pins and by using an expression 1denn1ca1 to equation (121). The
calculated viscosity agreed with viécometry'within shear rate limits.
One possible explanation for the dirference 13 the measurement method.
‘ A linear differential transformer was used to measure thoe change in the
pin length. There w:3 no discussion of any adjustment mad~ for the

‘transferred polymer lumps on the glass disk

6. SUMMARY

Tne proposed melt theory represents a new approaﬂh to friction in
the thermal regime. A tentative evaluat ion or_the theory can be made
based on the limitcd studies. The theory predicts the ccefficient of
rriétion for metal pairs'sliding at high loads and speeds dnder single
paéa coqditions. At typical ergineering lbads, surfaces with high’
thermal conductivity, such as mntala; produce very thin melts, on the
order of the surface roughness. Then the aiZe and pressure of the
contact is uncertain and the measured coefficients of friction always
are less than the calculated.values. A'cdmparison of experimental wear
rates with a melt theory of wear was inconclusive. Data on the

viscosity of metal melts at high coniacc pressures and/or rétes of

78




shear are generally not available. 1In the case of multiple pass

'contact the effect of transfer debris on idealized flow passages is

difficult to assess.

In the case of polymer pin friction and wear a comﬁarison of
theory with one particular experiment [39] was inconclusive. Multiple
passes lead to the presence of transfer (wear) debris which altered the
apparent contact pressure, a ﬁedessary'parameter in the theory. '
However, this problem should not oceur for the single pass polymer
rotating baﬁds. More important, the non-linear behavior of polymer

‘meits calls into question an application of Newtonian flow for these

materials. The subject of non-Newtonian friction theory will now be '

addressed.
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SECTION VI

FRICTION THEORY FOR PLASTIC ROTATING BANDS

In the previous two sections melt friction theory was derived for
:Neﬁtonian fluida (in'particular metal melts) and applied to copper
'rota:ing~ban93 and metal pins. Good agreement between theory and
experimeﬁt was achieved to confirm the basic'approach to the protlem.
In this section melt friction_bheory will be derived'ror polymer melts
.__which display the norn-Newtonian fluid behavior discussed in Se~<tion
‘-jIIIt The fluid is characterized by viscosity, elastic shear modulus,
and limiting shear stress, all of which can vary with pressure and
temcerature. -

Although plastic rotating bands are circular the melt films are so
.’bthin~that a Cartesian coorainate system can be used to analyze'the
problem. Imagine the thin film cut>and.spread out in the z-direction
with the x-direction of motion as the length. Since the fluid can not
>flow in the z-direction (the circular band is continuous), the analysis
is one-dimensional in the plane of the contact. The rctating band is
referred to as the "moving surface" while the barrel is referred to as

]

the fixed surface.

1. MOMENTUM
The analysis is begun with the usual rive assumptions at the
_ beginning of Section IV which are characteristic of thin film fluid
'i mechanics in lubrication ‘theory. Since it is no longer possible to
‘start with derived forms of Reyndldsi equation for pressure
. distribufion such as equation (60), it is. necessary to rollow those
derivations for the non-Newtonian lubricant.:
Neglecting fluid inertia and body forces. the general womentum

quationa are [46]

P digy . dTxz - :
9x y ' 3z - D (131)
.32 . BTKM_*_QTMZ . ' | ’ “ | (1325

ay ax az




Bp BTXZ aT VA \
9w _ fixz | 9lyz 133)
3z~ ax oy B

* Since the film is thin in the y-direction, 3p/3y = 0. Alsd,the film
plane is one-dimensional in the x-direction or 3p/3z = 0. In addijtion,
there are no shear stresses in the z-direction. Thus, the above

reduces to (1qy = 1)

op at ‘ . )

" 3y | a3

0.2 . ' (135)
Bx : . v

With the °xceptxon of Conry [106] equation (135) is usually ncglect:
the consequences are major as discussed below.
;ntegra;ing with respect to y and assigning t{ as the shear stress

at the fixed surface, .
dp E
-y — 136
Ty ax ! - (.3 )

Now the large contact pressures and large reiative sliding at the
contacts will assure that the limiting shear stress 1, will occur at -
the sliding surface boundary:

dp

I (137)

Ty = 1L -'h

The lubricant shear behavior is described above by the non-linear

t

¢ Maxwell model:
u 1 ‘ . o &
— .= = TSt | (138)
G Ty A L . 38)

From @quation (135) it would appear that the elastic term.is
. inoperative. However, let us examine the elastic term more closely.
If a small shear strain g'is considered to be made up of.a viscous

component %, and an elastic component f,, we have

-7 ' L =Ly * Ge

v "
-

Then from Newton's iaw,of viscosity and Hooke's law of elasticit}. the

rate of strain is

.-'|' - . - .
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dg _Qu. dgy | die : " (139)
dt dy dt  dt -

or
du T
— ==+ — (1/G) ,  (140)
dy v ,
Bui under steady state conditions . .
d 9
—_— = U — . (1u1)
dt Ix . : ‘
and
d 19t 1 G '
— (7/G) = U == = =5 . 142
a (O G T @ (142)
Since the shear modulus is a function of pressureé
G = GgexP .' S (143)

or

Integrﬂ

the int
at the

obtaine

~thus, t

At
express

du 1 _ Ukt 3p - | - (145)

1 U dp y2 dp ‘ . ‘ )
= | — = —— — - A u
: '[v G dx ][(? ) dax ‘LY]* c 6).

The velbcity of the fluid is zero at the fixed surfaée‘(yl- 0); thus,

gration constant is zero. But the bodndary condition occurring
oving surface 1s the limiting shear s?ress Thé'Qelocity
i from equation (146) can not agree with the surfac. velocity;

he fluid slips at the moving boundary.

this point Newtonian lubrication theory substitutes the

ons for velocities, obtained from the momentum equations, into

the continuity equation to arrive at Reynolds equation for the rilm
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o
:4:: pressure distribucion. Employing the integral form of the continuyi.ty
' "~ for one-dimensional flow with m as the mass rate of melt per unit
- area:
" 3 (n . :
' — pudy = m . (147}
R 19X o . o
and equation (146),
i : d ( 1 Uk dp ( h3 dp' he 5 . |
- . === ) == -1y =)= w 148
::." : dx[u de) 3 dx I“F_’)_ ? (143)
-1 . .
> Define dimensionless variables::
_._ " P = pBL/W
N o X = x/L
“ where B i3 the rotating band circumference, L is the rotating band
‘e length, and W is the load. After emnloying average values (defined at
;‘_- the :verage stress) for viscosity u, sh=ar modulus G, and limiting
- shear stress T, '
= dp dp
- (1 -8 = )( = - 1) = - B (1491
l [( Var /\ P2 ax ° (159
5 :
T
y where
v

By = 2Lmu/pth?
By = UxuW/GBLZ

" Bp = 2hW/3tyBL2

ARAMAL | | SAST

»

Boundary condivt‘ions for equation (149) are the following:

p(0) = 0

*!: p(1 ) - 0 ’

. . . .

;_'. . A propellant gas pressure exists on the front side of the band, but
o the pressure is symmetrical and will not contribute to the load

! support. o

_'l: ‘Integrate the above equation .once to arrive at

= (1 . B""’j)(s.,gj-}),-s'{"t‘ | (150)-
Pax T\ ax of = M N

L |
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The'pressure gradient can be found by'using the quadratic fgrmula. A
second integration gives the pressure distribution. However, the first
integration coﬁstant is embedded within a radical which makes iﬁ
impossible to apply boundary conditioﬁs and obtain a complete ,
analytical solution. Numnerical methods must be employed. On the
vétherhanq a simplification can be carried out which should be valid fbr
all the physical cases which will occuf in practice.' Rearranging
equation (150): '

- (%%)2 . (%? . %;) g% - - §$§;,x +Cp . (51
‘The pressure gradient has been normalized so that its magnitdde is on
the order of one; thus, the constant parameters dictate the order -of
the two terms or the left. If either'B{ «K1or 824é< 1, both of which

are probable for melt friction cases,'thé first term can be neglected

and
dp B
BB g (152)
dx (By+B2) ©
Integrgting
- By, - x2 - '
P&~ T — + C3X + Cy . (153)

(By+8) 2

Applying boundary conditions,

- - - - . : 154
p (5+55) [ Ix] . (154)
Now the rotating. band must carry load W. Therefore,
1 pdx =1 , ' , - (15%)
Jo - ' S :
Completing equation (155),

By + By = By/12 o o (asky -

85

.




a2

i ]
Y
*o

LHT Y, 0, ’[
AT

R
o

¥

o, e
s
g be ba tu P e

r
,"

-

,‘.", ., ",a‘,-
R R AR M A

I 3

.....,
= .
B ARSI RS
Vit e

[y
e A

SXARS

o
. Y
| EX

]
.l'

EPa N

« P A

. s’ R
-y Lt .
A PR

PR R IS |
L) 4,
O.I.ll"

v F

Sat st e

!,J

.
Y

‘s
e, 1,
PR

CX Dy

*a

NI

v O

KA AP AN

i B0

et

The above equatian relates the load to the mass rate of melt (and film
thickness). The energy equation to follow will give a relationship

between the mass rate of melt and film thickness. Together, the film
thickness can be found. '
2. ENERGY

The energy equation for an element of fluid is a balance between
heat conducted into the element, the neat generated through viscous
forces, and the rate of change of stored energy: |

DT 321 32T ' -
= K ——s t — + 1F 1

where the latter.term is the viscous‘dissipation for non-Newtonian
filuids [87]. By dimensional reasoning the sliding process is quasi
steady-state ir the charactcristic time of contact is much greater than
he + diffusivity. Using the assumption'[3M] that conductioe is much
greater aeruss the film than in the direction of motiop X,

: 3T 92T '
. = £ 1
'Aﬁpcu x k 372 + rF(T) (158)

For the non-linear Maxwell mcdel of ‘the fluid the term F(t)

_representsfthe viscous strain rate. Since a model has been adopted

_that disp]ays a Newtonian viscous strain rate up to the point of 51ip

at the moving surfce wiiere the shear stress !s limited to ‘T,
F(t) = t/u - (159)
In addition;'the shear stress and fluid velocity expressions have been

derived previously:

Ctaly-n) %‘f-ub ) . ' (160)

T e'; i o | ' | (161)-
Introdecing dimensionless numbeﬁs

X = x/L

y = y/h

- pBL/W

Qi
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T = /1 2
the above equations are written as \ o t
5T 37T 2p2 i
~ oT h . :
.'P’e uo__. ,.2_.;.. + ?2 'lL____- ) (162) , “
- 9x ay . uk :,
- 3. = dp . -
= =B -1) —=+1 16 : W
=35 (¥ ) ax (163) ’ ] n
du h a0 \ — _ -
= - —L (1 - By 2 ) T (164) :
dy uu dx . :
where =
. §
' ¥
: h Uhpe H
‘ P'e (reduced Peclet No.) =3 k? 4
The general order of magnitude of the terms in By indicate that it §
will be much less than one while the very thin melt thicknesses ' é
compared to the rotating band size also indicate that the reduced f
' Peclet number and Bo are much less than one. Then
T (165)
_ : . . ' ' -
u h _ . "
= sk ' ' (16€) : b
d U . ‘ ' - |
’ ' :. :
42T 22 ' :

' A small Peclet number not only reduces the partial differential
equation to an ordinary differential equation but also uncoup‘es the
velocity functional from. the energy equation. —

Let Tr be the film temperature at fixed surface (barrel) and Tg be - ‘
the film temperature a; the sliding surface (band). Film temperatures ‘
are not expected to vary much across the film; thus, parameters.are

" constant with respect to y.' Integrating equation (167) and applying
boundary conditions (1n the form of surface temperatgres).

STV T CAAEN Y VIO BT LY. Ta e T O T A

-, . 2h2 _ o 3
T-Tp = (Tg - Tp)y - —2— (32 - E (168) - ]
. 2uk ' v s
Heat transfer per unit area out of the fIlm is expressed in terms , /;
of the film temperature gradient at the surface: - e ':
S
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as(x) = -k(dT/dy)p _ (169)

. Gr

qe(x) = +k(dT/dy)q (170)
K

s = -+ [(tg - Tp) - 11,2n2/2uk] S (171)
. , ‘

ag =+ = [(Tg = T¢) + 1 2n2/2uk] (172)

'The boundary‘ccnditidns are completed once the heat {lux to the
surfaces is known. Heat is transierred by conduction into the solids
in amounts qym at the barrel and gy at the melting band. When slip
occurs’ at the moving surface. the energy input is tpU while the film
receives only 1y Uy where U;p is the surface velocity of the fluid. The
difference réepresents a heat source due to slip. Thus, .

G s -U) maw S am

and

ar = QM (174)

Slip veloc®ties can be found by integrating equation (167):

Voau
LUy = U j = @y . (175)
o
or - o .
Uy = L . (175)
M ~ ' .
From Seqtidn 1v,
ap = B[H * o(Ty - To)] K (7
2k (Tp - To) . Lo 78)

L om = TrarL/u) 172
‘Since Iy = Ty (melting slider) equations (173) .and (174) can be solved
for the film thickness and.barrel surface temperature Te. Making tHe
proper substitutions into'equations (173) and (174) and'using equation
(156) to define the melt rate m, .

~(Tp - T¢) - Aoh? + Ayh = Ayh3 + Aph¥ : (179)
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(Tg = Te) *+ agn? = Ase(Te - wg;":’t"f: _ (180)
where ' - '
Ay = 1L2/(2uk)
pT
Ay = 6[H + [Ty - To)] *§7§‘L
A -u[H*c(r - 1))
2 m o “Ej;.

: 2Kk
Ay - k[wa'L/U)‘;z

.U
e

Solving for Te and h, _
(t¢ - 1) = [(Tg - To) + thZ]/(t + A3n) T(181)
A2A3hu + (A1A3 + A2)h3,,* Ay + A°A3)h2 |
- A3Agh + A3(Tp - To) - A4 =0 - ©(182)
Tha2 solution .to the problem can be simplified if the surfaces are
conducting or non-conducting as defined in Sz2ction IV. The ratio of '
heat transter to the surfaces is

, ‘ S 3 _ -
S . h2(A _2..). : e . (133) :
m  A3(Te - To) S .

,'It the ratio Qn/Qnm << 1, most of -the generated deat given by LY goes

to conduction into the non-melting surface (said to be a eonducting
barrel surface). Then ' ‘ B

Qm 5 Uty N (181
Setting Ay = Ao =0,

AOA3h2 - AgAgh + A3(Tm - rb) - Au - o - (185)

and the quad"atic can be solved directly. S T o

I? the rat.o qm/qnm > 1, most or the generated heat goes to
melting the rotating band (said to be a non-conducting barrel surface)
Then ] S

g = Utg, B . (186,
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Substituting from equation (177),

Aoh3 + Ajn2 = Urp/k , ' o usn

3. FRICTION FORCE L
The friction force on the rotating band is the surface shear ' _ ,1'

stress multiplied by the contact area. For the non-Newtonian polymers
the shear stress is simply the limiting shear stress tp,. Then the
coefficient of friction is ' '

r - L= . e

“ . ) .'h

The coefficient of friction decreases fcr increasing contact pressure ‘ L
as with the metal roﬁating'bahds; however, the limiting shear stress is

both pressuré and temperature sensitive. No distinctior is made
between the "conducting”™ and "non-conducting” barrel;.

4. WEAR _

The material wear is given by the amount of melt squeezed“from the
contact area, m, and is given by equation (156). Expressed as the
volume removed per unit distance travel: '

" mBL

7 - (189)
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Hdwever. data'on the liriting shear streas 6!
find (if it exists). High pressure effects complicate the task. Based
upon the author's work [8], it was found that

~ SECTION VII

"EXAMPLE FOR POLYMER BAND

ROTATING BAND (30 MM PROJECTILE)
.- Material: Polyethcrsulphone
. Length: L = 0.5 in

BAND

Circumference: B = 37 in.
Speed: 10% in/sec

BARREL PROPERTIES

k* = 4.6 x 10~% Btussee-in~oF
a' = 0.023 in2/sec
Length: 60 in

'PROPERTIES
p = 0.035 lbm/in3

¢ = 0.5 Btu/lbm-°F

‘H = 54 Btu/lbm

T - 'ro - Q70°F

k = 9.03 x 10j6 Btu/sec-1n-°F

G = 15 1bf/in2 (2)

"k =1 x105 1n2/1bf (2)
8 (equation 50) = 16,000 1/°K

a (equation 52) = 0.276 x 10-T /N (
Mo (estimated from simiiar polymers i

1br-sec/in2

u.(equation 51) = 0.45 lbf-sec/in2

FRICTION

s 11,3L/W

The coefficient of friction is defined as

1.9 x 10~-% 1n2/1bf)
N reference 39) ~ 10°2

lymers is difficult to

e coefricient’of' .




Sttt

friction for polyethersulphone rotating bands under cohditions*similar

to actual rirings was £ = 0. 016 at a stress of W/BL = 20,300 1bf/in2,
Thus,

1, = 325 1bf/in?

' 5.  CONSTANTS

. , B . Ag = 1.4 x 106 °F/in2
Ay = 5.6 x 101} °F/in2
Ay = 1.0 x 1017 of/in¥
% 3 A3 = 5.3 x 10% 1/in |
' Ay = 3.8 x 107 °F/in ,
B 6. MELT THICKNESS .
) ; ’ “h (equation 186) = 3.8 x 10-6 in

qm/9NM = 2.7 x 107 T (1. e., conduct ng surrace assumption

| . Justified)

‘ ' o kn2(a; + azn)
H+c (Tg-To)
or 3.7 x 1078 in layer }emovec when sliding 5 feet;

= 1.14 x 109 in3/in
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SECTION VIII

CONCLUSIONS

‘Presently accebted sliding friction tﬂeories are based upon the
cencept chat microcohtacts under high loads instantaneously mveld", and
friction is the force to shear these Junctions. The subject of sliding

;tocity does not enter the model, ahd only'avrew studies show velocity
é7fzcts on friction data. The coefficient of friction between sliding
péirs is simply given as the shear stress of the "welded™ junctions
divided by the fiow pressure of fhe softer Surtace. Thia nunber agrees
with friction cata only qualitatively (surface contaninatlon.
oxidation, epc.); However,‘hisn sliding speeds prqduces sufficient
surface heat to melt the one surface and form (in 10-8 seconds) a
melted fluid layer between the surfaces. Fluid mechanics enables one
to obtain more accurate expressions for slidins friction and also
expressions which are related to slldlng velocity.. )

The friction theory was first developed for metal rotating bands.
Essentially the theory separates the heat, generated from fluid spear
stresses, into the melting of one surface and into conduction for the
non-melting surface. It was found that a negligible rractibn of the

‘heat -went to melting (of the rotating band). Since conduction to the
barrel predominates, it is the surface thermal properties of thermal".""

conductivity and diffusivity that are important. The significant
parameter for the melting band is the melting point temperature.

During multiple firing conditions it is possible that hot propellant
gases cause the barrel surface temperature to exceed the rotating band .
‘melting, te-perature. Then there would be conduction from the barrel to

the melt which would add to the shear. stress generating heat to melt

the rotatlnz band. The equations must be altered accordingly.-

The metal melt was assumed to be Newtonian in behavior. Tentative
agreement with the data of Montgomery for copper rotat;hg bands. in gun
tests support this assumption. To further justify the overall

gpproabh, the theory was extended to pin-on-disk devices. A comparison

was qado4botqogn the theory and the Franklin Institute data for high

speed sliding between several pairs at various loads and apoédé. Good
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agreement was achieved in this more strenuous. test of ihe théory. At
lighter loads and slower sliding speeds the pin coeffic{ent of friccion
changed considerably.. It was found that under these conditians the
melt thickness was on the same order as the surtaée'rddﬁ?-e;nrsqnarq,
rahghness and full film lubrication was not achieved. Typlical melt .
thicknesses are approximately 10°5 inches. Although this was not a
problem rbr the very smooth, engraved rotating bandsm.ruture=uork on

~ melt lubrication shguld address the melt of microcontacts. .

Non-Newtonian melt rheology aubstantlally altered the theory when
applied to plastic rotating bands. Generally,film thléknesses:did‘not
differ much from the metallmelts.‘but this was caused by the limiting
shear stress condition of the high loads and speeds; Newtonian theory
with the high viscosity polymer melts produced unreasonable film
thicknesses. Again,most shear generated heat goes to. conductiom. The
most important parameter is the 11m1t1ngbshear stress of the melt which
directly determines the coefficient of friction. Viscosity and shear
modulys enter into film thickness calculations. These three parameters
depend on the pressure and temperature of the melt. Untortunately;this

data for limiting shear stress and modulus is practically non-existent
for polymer melts. ' '
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